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[epiAndn

To Véua authc Tng perétne etvon 1 mapoaxorolinom e Lovng enyudtwy otny neptoyn Idtpa-Plo
am6 to 1993 €w¢ to 2017, Xpnowonownvrog dayeoviny| cupforouctpio (DINSAR), 1 petatomion

eddpoug A xtplwv yiveton yetpriown.

O x0ptog otdyog Tng dratelfrc elvon 1) LEAETN THAVOV YEWAOYIXMY XLVOUVWY GE XOVTA OTNY TOAN
¢ drtpag. Me 1 yerion tou dwypovixol cuothAuatog DInNSAR, o petatornioesig xan 1 oy dTnTa
TEXTOVIXGY TePay @Y To TEheuTador 25 ypdvia €youv napatnendel. H uehétn mohotdtepnmy TeEXToNXGY
xwfoewy unopet va Bornifoel Tov 8o vo alohoyHoEL Toug xtv8OVOUC Tou efval EYYEVAC OTNV TEX-
TOVIXT) TNG TEPLOY G Yo XTiplal OTwg To ToTnd vocoxopeio, To IlavemotAuio tne Hdtpog 1 oncdua xou

ToL oTHTLAL TWV XATOIMWV.

ITpoxewevou vo pehetniel n empaveion xivnom Ty 25 cuveyOUEVLY YpOVWY, Yeroluorotiinxay
oUVOAXL BEBOUEVLY, xaEva amd Tar oTtola XGAUTTE BLaPoRETIXY| YeoVixY| tepiodo. Ao giivouceg xou
AVEQY OUEVES DOPUPORIXESC TEOYIES, TOREYOVTUC BLUPORETIXES YEWUETPIEC TPOBOAYC oL oTtoleg €youy
yenotonotniel yior TN TAEN XUTAVONCT TNG UETATOTLONG €ddpous. AcnTtouepéoTtepa, 1 neplodog
a6 to 1993 €m¢ to 1999 xahinteton and toug dopupodpoug ERS-1 xan ERS-2, to €11 2003 ¢ 2010
xatorypdpnxay and to dopupoeo Envisat-1, xatd tn didpxeta Tou 2010 €n¢ to 2012 o TerraSAR-X
OCUAAEYEL BEdoUEVAL Xa Tor TEAEUTALOL YoVt a6 To 2015 €wg To 2017, 1 TopatrienoT €YLVE amd Toug

dopugpbdeoug Sentinel-1A xou Sentinel-1B.

H Buaypoviny| avdhuon €yet emteuydel uéow tou Aoylouixol Gamma Remote Sensing. Ahyoptd-
uot SVD xau PSI éyouv yenowomotinxay yio tnyv enelepyaocta tov dedoyévenv. H allordynon tev
ATOTEAEOUATOV €Yl YiVEL Ue BAom TN YVOO TH TOTUXY| YEWAOYIA XL YEWYEAUPLXS Y AR TNELO TLXE X0l

VS xou pe Tig ouveyelc tapoatnenoeic GNSS tne teployrc.

Yta anoteAéopata aUTAS TN Epyaotag, amodewvieTon 0Tt ol Ttokelg tng Idtpag o Tou Plou
€0pevouV OE Teployeg Ue evepYn texToviny). Kivnom eddpoug €yl xatoypagel oe 6Aa Tar €T TOU

ueheTONxay 1600 Ot xavoVIXd PHYUATA, 600 XaL o€ priyuota opllovTiog ohicUnong.

AéCeig xhedrd: SAR oupfolopeteia, edagix| xivnom, evepyr| Textoviny), oplldvtia oAicinon,
IIdrpa-Plo.



Abstract

The topic of this study is the fault zone monitoring of the Patra-Rio region from 1993 to 2017. Using
multi-temporal Differential Synthetic Aperture Radar Interferometry (DInSAR) techniques, displace-

ment of soil or buildings has been identified.

The main objective of the thesis is to study possible geo-hazards in close proximity to the large
city of Patras. With the use of multi-temporal DInSAR, displacements and velocity of blocks in the
past 25 years have been observed. Studying former displacement may help the municipality to evaluate
the risks inherent to the tectonics of the area for buildings such as the local hospital, the University of

Patras or even the residents’ houses.

In order to study surface motion of 25 continuous years, multiple satellites’ data-sets have been
used, each one covering different temporal period. Moreover, descending and ascending acquisitions,
providing different viewing geometries have been used to fully understand the ground displacement. In
detail, the period from 1993 to 1999 has been covered by ERS-1 and ERS-2 satellites, the years 2003 to
2010 were recorded from the Envisat-1 satellite, during 2010 to 2012 TerraSAR-X has been collecting
data and the last years from 2015 to 2017, observation has been conducted by the Sentinel-1A and

Sentinel-1B satellites.

The multi-temporal analysis has been achieved through the Gamma Remote Sensing Software.
Single Value Decomposition (SVD) and Persistent Scatterers Interferometry (PSI) algorithms were
used to process the data. The evaluation of the results has been done with the known local geology and

geographical settings, as well as with the on going GNSS observations.

In the results of this thesis, it is shown that Patras and Rio cities rest on areas with active tectonics.
Ground motion has been recorded through all of the studied years and other than normal faults, strike-

slip faults also exist.

Keywords: SAR interferometry, ground motion, active tectonics, strike-slip, Patras, Rio.
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1 Introduction

Throughout history, humans have been deeply affected by natural disasters (CRED, 2015). One of the
sciences able to decipher several natural disasters is geology. Earth is alive and even though the planet is
more dynamic towards the center, some deformation reaches the surface (Massonnet and Feigl, 1998).
Due to the extremely small rate of motion, geology is exceptionally difficult to be comprehended by

humans and recorded by current technologies.

In the proximity of Patras, geological features on either side of the Patra-Rio fault zone are currently
moving with few mm/year rate (Parcharidis et al., 2009a; Elias, 2013). Monitoring relative motion
across faults in this urban-suburban area contributes to the assessment of seismic risks (Sitharam and
Anbazhagan, 2007). In order to observe ground motion of mm/year, measurements on multiple loca-
tions should have taken place for at least a few years period (Strozzi et al., 2000). On-site permanent
equipment exists, but not on nearly enough positions and most of it for merely adequate years. Luckily,
systematic measurements for over 25 years, have been taken from space with the use of Earth-observing

radar satellites.

The results of this dissertation can be used for risk assessment planning and better understanding of
our environment. Moreover, since the data used are open and the equivalent data produced in the future
by the Copernicus program are bound to be free, the observations can continue despite economical

difficulties of the state.
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2 Synthetic Aperture Radar basics and SAR interferometry

The radar sensors operate in the microwave band of the electromagnetic spectrum. Their wavelengths
are 100 thousand times longer than those of the visible spectrum (Ferretti, 2014). Wavelengths that long
can penetrate atmospheric media without significant signal loss. Furthermore, since Synthetic Aparture
Radar (SAR) systems transmit and receive electromagnetic waves, they can provide all-weather and

round-the-clock (nighttime included) images (Massonnet and Feigl, 1998).

Interferometric SAR (InSAR), is capable of measurements of the signal travel path because it is
coherent (Ferretti et al., 2007a). InSAR characteristics make it ideal to monitor dynamic processes on

the surface of the Earth (Moreira et al., 2013).

2.1 SAR system

A typical SAR imaging system from a satellite is sketched in Figure 1 . A satellite is equipped with a
radar, the antenna pointed towards the Earth’s surface, direction which is called Line Of Sight (LOS)
or slant-range and is perpendicular to the orbit (Ferretti, 2014). The angle of the antenna with respect
to the nadir of the satellite, is called the off-nadir angle (Ferretti et al., 2007a). The most known radar
equipped satellites are right-looking in near-polar sun-synchronous orbits. This gives the opportunity
to observe a particular location on the Earth on both ascending and descending orbit passes (Simons
and Rosen, 2007). The two different look angles (ascending and descending) are the aftermath of both

Earth rotation (E-W) and satellite near polar orbit for every satellite cycle (Ferretti et al., 2007b).

14
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Figure 1: SAR systems’ geometry and terms. Hgagr is the height of the SAR platform, c is the velocity of
the microwave, and r(t) and R are the slant-range distances at the azimuth time t and when the antenna

is nearest to the target at the origin of the ground coordinate system (x, y) (Ouchi, 2013).

Satellite radar systems ordinarily transmit polarized radar pulses (Ferretti, 2014). The broadcasted
microwave pulses are of alternating horizontal (H) and vertical (V) polarizations (Figure 2), and part
of the horizontal and vertical components are backscattered and received (Ouchi, 2013). Thus, SAR
data sets can be VV (Vertical transmit, Vertical received), HH, VH or HV (Ferretti, 2014). Better
interferometric results are more luckily to occur while analyzing co-polarized data (i.e. HH, VV) due

to the fact that co-polarized data have stronger signal, compared to cross polarized data (i.e. HV, VH)

(Wessels, 2017a).

(@)

{} -

Figure 2: Polarimetric radar transmitted waves: (a) Horizontally (b) Vertically (Vasile and Besic,

2013).
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2.2 SAR images

The SAR images are composed of the back-scattered portion of the initially transmitted electromag-
netic pulse. The amplitude and phase of the back-scattered signal depends on the physical and elec-
trical properties of the targeted object, as well as the frequency band used by the satellite (Moreira
etal., 2013). Every pixel gives a complex number carrying amplitude and phase information about the
back-scattered signal, from all the scatterers (rivers, crops, buildings etc.) within the corresponding

resolution cell projected on the ground (Ferretti et al., 2007a).

The complex numbers of the acquired matrix can be interpreted as follows: amplitude values are
related to local reflectivity of the back-scattered energy, while phase values are computed from local
reflectivity and a quantity related to the distance between the target and the sensor (Ferretti et al., 2006).
For those who are unfamiliar with the quantity related to target-sensor distance, an explanation will be
attempted. As the sinusoidal wave travels in the air, the phase of the wave changes from O to 27 or
every wavelength of distance traveled. SAR systems transmit a signals with known 7 value and can
record the phase of the return signal very precisely (Osmanoglu et al., 2015). So, the distance between
sensor and target can be expressed as an integer number of wavelengths, plus a segment equal to a

fraction of the wavelength (Ferretti, 2014).

As SAR systems produce coherent images, several scatterers are present within each resolution
cell and the ’speckle’ effect is produced (Ferretti et al., 2007a). Also known as salt and pepper noise,
“speckle’ cannot be found in optical images (Ferretti, 2014). The coherent sum of amplitudes and
phases of scatterers per cell, fluctuate significantly from cell to cell (Moreira et al., 2013). Speckle

noise reduction is achieved by averaging amplitude values (Ferretti, 2014)

2.3 SAR Interferometry

InSAR is the multiplying procedure of one SAR image to a second one, producing an interferogram
(Hooper et al., 2012). The interferogram’s amplitude is the multiplication of of the two images’ ampli-
tude, while the phase is the phase difference of the two images (Ferretti et al., 2007a). The two images
analyzed must have been acquired from different vantage points, different times, or both (Simons and

Rosen, 2007).

16



The measured phase difference, between two corresponding pixels, is

A¢ = d)topo + ¢flat + ¢disp + ¢o7‘bit + ¢atm + ¢noise (1)

where ¢pois topography phase signature, ¢ g,is flat earth phase caused by the imaging geometry,
Gaispis differential displacement pattern, ¢qmicis phase error caused by inaccurate orbit parameters, ¢yum

is atmospheric artifacts and ¢, refers to noise contribution (Elias, 2013).

The interferogram level’s the Earth’s surface, due to the geometry of SAR images and the slant-
range imaging, thus objects of the same altitude have the same interferometric phase (Ilopyopione,
2015), producing what is called orbital fringes (Ouchi, 2013). A flattened interferogram can be com-
puted by subtracting the expected phase from a surface of constant elevation (Simons and Rosen, 2007).
As a result (Figure 3) often, phase cycles of 27 radians are seen, resembling to contour lines and the
altitude between two 27 radians is called the altitude of ambiguity:

B ARsinf

hq
2B,

(2)
where ) is the transmitted wavelength, R is the radar-target distance, 6 is the radiation incidence
angle with respect to the reference and B,, is the perpendicular baseline (the vertical component along

the line of sight, of the distance between the two satellites) (Ferretti et al., 2007a).

Figure 3: Unflattened (left) and flattened (right) interferogram of a portion of the Italian Alps and the

Pianura Padana (Ferretti et al., 2007a).
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2.3.1 Coherence of interferometric images

The degree of correlation -similarity- of the master and slave SAR images is expressed with signal-
to-noise ratio (SNR), where similar images produce interferograms with high SNR (Moreira et al.,
2013; Ferretti, 2014). Other than the important changes between the two SAR images, there are other
parameters that can diminish the coherence: temporal, due to the change in the off-nadir angle, and

due to random noise.

Temporal decorrelations |Ar| describes changes in the scatterer characteristics between two time-
separated SAR images (Moreira et al., 2013). In time, scatterers tend to become randomly rearranged,
the detailed speckle patterns of the image resolution elements differ in each image acquisition, so the
images are no longer correlated (Simons and Rosen, 2007). In order to minimise temporal decorrela-
tion, the use of images with small time difference in acquisitions is recommended. Also, acquisitions
that occur during or shortly after significant weather events such as rain or snow falls should not be

used (Wessels, 2017b).

Spatial decorrelation |b, | derives from different imaging geometries between the time of image
acquisitions (Zebker and Villasenor, 1992). Different imaging geometries occur when the perpendic-
ular baseline is non-zero and thus a ground cell is captured from slightly different looking directions,
leading to a shift in the image’s spectra (Manunta, 2009; Elias, 2013). Spatial decorrelation makes im-
possible the interpretation of interferometric phases for extended targets in image pairs with baselines
longer than the |b, .| critical baseline (Werner et al., 2003). Critical baselines differ per satellite and
can be computed mathematically, as an example, for the ERS satellites the critical baseline is of about
1200m for a flat terrain, however the use of baselines greater than 600m are not recommended (Casu,

2009).

Complex correlation coefficient v in pixel basis is measured as:

- Eluyus)
VE[|ur Pl Ellus?]

where E is the expected value of the random variable z, and |u, |, |uz| the amplitudes of the two initial

3)

images (Ferretti et al., 2007c¢).

From the complex correlation coefficient, the amplitude ranges from O to 1 and is known as coher-

ence (Ferretti, 2014). Otherwise, phase independant coherence (Ferretti et al., 2007¢) can be estimated
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with the intensities (squared amplitudes) of the images ([;):

11
\/¢21221§‘1 @

Coherence value zero expresses the interferometric phase being just noise, while one defines com-

plete absence of phase noise, meaning similar images (Ferretti et al., 2007a). In coherence maps, like
the ones in Figure 4, bright areas show high coherence with values near to 1, while areas with coherence

value near 0 have dark colours (Veci, 2016b).

|b,| =13m

|At] = 1000 days

(@) (b)

Figure 4: Coherence maps from ERS images: (a) refers to a small baseline and a small temporal

separation, (b) refers to very small baseline separation and temporal decorrelation (Manunta, 2009).

2.3.2 SAR Differential Interferometry

Changes on the Earth’s surface, can be measured along the line of sight of radar satellites using differen-
tial interferometry. Map elevation changes can be measured with differential interferometry (DInSAR)
(Parcharidis et al., 2009a). DInSAR can recognize displacements of the Earth surface at a wavelength
scale (Moreira et al., 2013). The principal theory is that interferogram is produced while the Earth’s
surface was stationary over time or the interferogram was produced instantly (Simons and Rosen, 2007).
Once the terrain heights or digital elevation model (DEM) is removed, the interferogram is primarily
composed of surface deformation and atmospheric disturbances (Klemm et al., 2010). After the DIn-
SAR technique, the interferogram represents displacement of the surface between acquisitions, plus
some other components (Hooper et al., 2012) which can be distinguished by their characteristics, like

atmospheric effects being spatially correlated or noise phase which is uncorrelated (Ferretti, 2014).
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If atmospheric effects and noise are neglected, and on top of that, flat Earth contribution has been
dealt with, the DInSAR technique will produce an interferogram with fringes deriving from surface de-
formation phenomena (Ferretti, 2014). The interferometric fringes’ wavelength or width is calculated
as A/2, half the radar wavelength (Ouchi, 2013). Hence, the accuracy of DInSAR is dependent from
the SAR system used, approximately from 15 to 375mm, depending on the radar frequency (Rosen,
2011).

Assuming that the interferometric fringes serve as a full 27 cycle, each cycle being half the sensor’s
wavelength, proportionate ground movement between two points can be estimated by multiplying the
fringes with half of the wavelength. Consequently, significant movement on the ground will be depicted
with dense fringes, while no fringes will be produced if the two points-scatterers remained stable, with

respect to one another, between the two image acquisitions (Veci, 2016b).

2.4 Phase unwrapping

InSAR phase measurements are wrapped between O and 27, but more practical applications demand
continuous phase values called unwrapped phase (Osmanoglu et al., 2015). Topography and motion of
the surface can be estimated with absolute phases, whereas interferometric phase computed from the

two images has values between -7 and +7 (Ferretti et al., 2007c¢).

Phase unwrapping (PU) is used to estimate the true phase profile of the wrapped interferogram, as
in:

Gij = Vij + 2k (5

i,j are the corresponding pixels of the two images, (;is the unwrapped phase, v is the wrapped
phase and k is the positive or negative integer of 27 multiples (Abdelfattah, 2009) and shown in Figure

5.
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Figure 5: Modified illustration of wrapped and unwrapped phase from Van-Zyl (2017) and Veci
(2016a).

However, pixels without important radar return may not give wrapped phases and even the given
phases may originate from part of the topography which creates layover or foreshortening. So, when
producing only one interferogram, the outcome of phase unwrapping may be questionable without any
obvious answers, unless hypotheses are made on the structure of the underlying topography (Ferretti
et al., 2007¢). Nontheless, in a multi-temporal DInSAR, use of temporal relations among considerable

data of interferometric phases, can help the PU process (Casu, 2009).

2.5 Multi-temporal techniques

Multi-temporal radar acquisitions can be utilised to monitor surface deformation over time (Tompo-
lidi, 2017). Extended SAR series images are able to detect and monitor deformations. Some past
catastrophic events might have been more appropriately managed by using to multi-temporal InSAR,
like the bridge collapse at Entre-os-Rios (Sousa and Bastos, 2013), however other tragedies have been
prevented, like the road collapse on Elba Island which was detected and suficient measures had been

taken(Intrieri et al., 2015).

2.5.1 Interferomatric stacking

With this technique, multiple unwrapped diftferential interferograms are combined in order to estimate
the linear rate of differential phase and visualize it on a single differential map (DeZan and Lopez-

Dekker, 2011). The purpose of stacking separate interferograms is to reduce the noise (Williams et al.,
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1998) and hence increase the signal to noise (S/N) ratio (Manconi, 2017).

A simple stacking technique to produce a mean image is:

Si,j :m@an[]1<i7j)712(iaj)v“'7In(i7j)] (6)

where n is the number of interferometric images, i=1, ..., Kand j=1, ..., L, where K and L express

the size of the images in pixels, and I, (i, j) is the pixel value at pixel location (i, j) (Elias et al., 2006).

Interferometric stacking enables a first estimation of the deformation pattern, recognition of rela-

tively stable areas (Parcharidis et al., 2009a).

2.5.2 Persistent Scatterer Interferometry

The term Persistent Scatterer Interferometry (PSI) refers to all multi-interferogram techniques aim-
ing at extraction of information from discrete scetterers (Ferretti, 2014; Raucoules et al., 2007). PSI
enables the user to detect displacements of anthropogenic or natural reflectors, along the slant-range,
by separating in time surface motions, atmospheric contributions, and digital elevation model error
components of the range change measurement (Amato et al., 2017). Each approach has its differences,
particular target behavior gave rise to various algorithms to solve for surface deformation(Osmanoglu

et al., 2015).

Permanent Scatterer INSAR  (PSInSAR™) is a technique capable to identify image pixels called
permanent scatterers. Pinpoint of permanent scatterers (PSs), even smaller than the resolution cell, is
feasible because they appear coherent over long time intervals regardless of the baseline (Ferretti et al.,

2001).

The PSINSAR™ technique was the first to find a solution to select PSs, overcoming the temporal
and the geometrical decorrelation, estimating deformation and residual topographic error (Crosetto
etal., 2016). PSs are usually man-made structures, making this technique exceptional for applications
in urban environments (Ferretti et al., 2006). When referring to urban environments, the PSs are usually
roofs reflecting energy directly backwards or, following a double-bounce, structures where energy is

reflected firstly from the ground and secondly from structure (Hooper et al., 2012). PSs are dense in
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urban areas (up to 1000 PS/km2 with ERS and Envisat data), though sparse in vegetated and forested

areas, where smooth surfaces and steep terrain is more common (Crosetto et al., 2009).

Interferometric Point Target Analysis (IPTA) shares the same basic theory with PSInNSAR™(Osmanoglu
et al., 2015). They both apply on full resolution data (single look data) and rely on the measurement
of deformation on a spatial grid of amplitude PSs candidates (Casu, 2009). IPTA makes use of the
temporal and spatial characteristics of interferometric signatures collected from potential PSs to ac-
curately map surface deformation phenomenons, terrain heights, and relative atmospheric path delays

(GAMMA, 2013).

In the interferometric point target analysis the interferogram is only interpreted for the selected
points, using vector format data structures. In brief, IPTA makes constant improvement of the model
parameters to obtain an optimal match to the detected interferometric phases for a selected list of PS
candidates. In Figure 6, a typical flowchart of IPTA processing sequence is illustrated(Werner et al.,

2003).
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Figure 6: Interferometric point target analysis (IPTA) processing graph (Werner et al., 2003).

2.5.3 Small BAseline Subset

The Small BAseline Subset (SBAS) technique is based on the use of an abundant number of SAR im-
ages distributed in small baseline subsets, granting an easy combination of DIFSAR interferograms and
computation of mean deformation velocity maps and time series (Lanari et al., 2007). A SBAS tech-
nique diminishes the separation in both baseline and Doppler frequency of SAR pairs, thus maximizes

the interferogram correlation (Qu et al., 2015).

Ona N +1 SAR images, acquired for the same area and chronologically from ¢, ..., ty, M possible
interferograms will be computed, but every small baseline subset is composed by a minimum of two

acquisitions. These interferograms should have theirs phase signal unwrapped and calibrated based
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to one pixel whose deformation is known. What is more, the SBAS technique is applied on pixel by
pixel basis where coherence is sufficiently high. From the interferograms computed, the deformation

of each pixel organized in a matrix representation:

Ap =09 (7

where A is the M x N matrix, sothatV; = 1,...., M and A(j, slave;) = —1if I.S; # 0, A(j, master;) =

+1 and zero otherwise. Lets say that ¢) = ¢4 — ¢9 and d¢ = 3 — ¢y, then it would be illustrated as:

A ®

So, the SBAS method makes use of all the acquisitions in the various small baseline subsets and
provides spatially dense deformation maps. Additionally, the utilization of time and space information
allows the removal of a considerable amount of atmospheric artifacts via a proper space—time filtering

operation (Berardino et al., 2002).
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Figure 7: Small BAseline Subset (SBAS) processing graph (Casu, 2009).

2.5.4 Hybrid method with SVD

Methodologies of “hybrid InNSAR” adopt characteristics of conventional DInSAR, short baseline in-
terferometry and PSI approaches. Using elements of different interferometric analysis, difficulties of

each approach can be overcomed.

Since A in equation (8) has a rank deficiency in case of multiple small baselines subsets, the Singu-
lar Value Decomposition (SVD) can be used to "link" separate SAR datasets. The SVD technique will
decompose A into its pseudoinverse matrix and the minimum-norm LS solution of the system will be
easily computed, for more information refer to (Berardino et al., 2002; Manunta, 2009; Benekos et al.,
2014). SVD can be referred to as an interferometric post-processing step, the “natural extension” of
a Least Squares (LS) problem. In LS, independent data sets are connected with the assumption of a

linear trend of deformations within the time interval (Usai, 2003).
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3 Geology

Generally speaking geology is the study of Earth: of its materials, of the processes that formed those
those materials, the water beneath or underneath the surface, the changes in the interior or the exterior
of the Earth over the vastness of time, and the changes that are yet to come in the distant or near future

(Earle, 2015).

Geology has been divided to several branches, from which this thesis is more related to physical
geology. Physical geology studies the physical forces and processes which shift Earth’s crust and/or
surface (Jain, 2014). The purpose of physical geology is to understand Earth’s process that form our

environment, the genesis and location of earth materials and Earth’s hazards (Duff, 1993).

3.1 North-Western Peloponnese
3.1.1 Stratigraphy

In the studied area two geotectonic units can be seen (Figure 8), the Gavrovo-Pilos unit from the conti-
nental tectono-stratigraphic terrane H1 and the Pindos unit from oceanic terrane H2 of the Hellenides

(Papanikolaou, 2009).

Gavrovo-Pilos unit is consisted of limestone and flysch. This unit is can be found in the western
part of the prefecture of Achaian (Nopoe, 2015).Within the flysch marly clays, fine-grained sandstones,
cohesive sandstones or even conglomerate horizons have been identified (Papanikolaou and Lekkas,

2008).

Pindos unit in the eastern area of the city of Patras, was well defined from early on. The unit is con-
sisted of flysh, thinly-bedded limestones, their transitional beds and schist-sandstone-chert formations

(Rozos et al., 2006).
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Figure 8: Stratigraphic columns, modified from (Robertson and Shallo, 2000).

However, these geological units have been covered by pliocene, pleistocene sediments and quater-
nary alluvial deposits (P6Zoc, 1989). Acquired borehole data from the city of Patras have shown that
the total thickness of the Plio—Pleistocene sequence exceeds 300 m (Koukis et al., 2005). As can be

seen from Figure 9 the area is covered with:

clastic sedimentary rock: Sedimentary rock in which at least 50 percent of the constituent particles
were derived from erosion, weathering, or mass-wasting of preexisting earth materials, and transported

to the place of deposition by mechanical agents such as water, wind, ice and gravity.

diamicton: Unsorted or poorly sorted, clastic sediment with a wide range of particle sizes, in-
cluding a muddy matrix. Biogenic materials that have such texture are excluded. Distinguished from
conglomerate, sandstone, mudstone based on polymodality and lack of structures related to transport
and deposition of sediment by moving air or water. Assignment to an other size class can be used in

conjunction to indicate the dominant grain size.

biogenic silica sedimentary rock: Sedimentary rock that consists of at least 50 percent silicate
mineral material, deposited directly by biological processes at the depositional surface, or in particles

formed by biological processes within the basin of deposition.
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gravel: Clastic sediment containing greater than 30 percent gravel-size particles (greater than 2.0

mm diameter). Gravel in which more than half of the particles are of epiclastic origin.

limestone: Pure carbonate sedimentary rock with a calcite (plus aragonite) to dolomite ratio greater

than 1 to 1. Includes limestone and dolomitic limestone.

sandstone: Clastic sedimentary rock in which less than 30 percent of particles are greater than 2

mm in diameter (gravel) and the sand to mud ratio is at least 1.

clastic sediment: Sediment in which at least 50 percent of the constituent particles were derived
from erosion, weathering, or mass-wasting of preexisting earth materials, and transported to the place

of deposition by mechanical agents such as water, wind, ice and gravity (INSPIRE, 2012).
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Figure 9: Genereal geologic map with data from the (I.G.M.E., 2017).
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3.1.2 Geo-dynamics

The eastern Mediterranean, as seen in Figure 10, is considered to be tectonically active at the present
time with apparent complexity of the geology and the interaction of tectonic effects (Woodside, 1977).
The Mediterranean Ridge can be seen as a young submerged chain associated with continent-continent

compression acting along the Hellenic Arc, basically formed by thrust belts (Calvagnile et al., 1982).

The tectonic framework of the area is dominated by the the relative north-northwest and northward
motion of the Arabian and African plates respectively, colliding with Eurasia. The leading edge of the
African plate is being subducted along the Hellenic arc at a higher rate than the relative northward mo-
tion of the African plate itself, requiring that the arc (and presumably the Aegean Sea) moves southward
relative to the Eurasian plate (Oral et al., 1995). North Aegean is a region which links pure strike-slip

faulting of North Anatolian Fault (NAF) and pure extension in central Greece (McNeill et al., 2004).
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Figure 10: Simplified geological map of the Rio-Antirio broader area (Parcharidis et al., 20092).
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3.1.3 Neotectonics

The extension occurring in Western Greece from Pliocene till today, is an aftermath of the southern
movement of the Aegean Sea, giving birth to the Corinth rift (Ocoowpuxdrovioc, 2015). Throughout
the Mediterranean region, the Corinth rift zone has been acknowledged as one of the most rapidly
developed inter-continental rifts (Koukis et al., 2005). The Corinth rift is consisted of three grabens:
the Corinth graben, the Rio graben and the Patras graben (Figure 11). From those, the first to occur
where the Rio graben and an eastern part of the Corinth graben which expanded towards the Rio graben.

Also, the Patras graben has the most recent sediments ('T'cooouioc, 2009).

The Western Corinth graben is characterised by WNW normal faults, caused by the southern
Aegean motion, and NNE tranfer faults due to the expansion an the uplifting of the area. The WNW
normal faults have a NNE direction, they are up to 40 km long, they are syn-sedimentary, between 60
and 80 degrees, maximum vertical throw has been measured as 800m and have a slip rate of 0.11 to
0.44 mm/yr. The NNE transfer faults have mostly a ESE direction, they are up to 11 km long, they can
cause slopes of 20 to 50 degrees, the transfer zones can be classified as divergent or convergent, relay
ramps can be observed, maximum vertical throw has been measured as 450m and have a slip rate of

0.08 to 0.14 mm/y (PoCoc, 1989).

The Rio graben terminates in the west at the Patras graben zone, while it is connected in the east
with the Corinth graben. Whereas this graben shows low seismicity, an important number of seismic
events takes place in the region of Naftpaktos (where Rio and Corinth graben connect). Major structural
trends in this area vary between NE and ENE and are cut by high-angle normal faults which dip to the
NNW. Additionally, WNW faults are older but active, and with the ENE faults, they trend to change to
E-W like the curved and anastomosing fault scarps north and south of the University campus (Doutsos

et al., 1988).

The Patras graben is a 40-km long fault zone from cape Araxos to the Ellinikon village. Blocks
are made by widely spaced WNW trending normal faults. NNE transfer faults have occurred due to
depositional changes in downthrown blocks (Parcharidis et al., 2009b). Quaternary vertical slip on the
central parts of Patras basin is about 3-5 mm/yr. The Patras graben today represents the early stage of

the Corinth graben (Doutsos et al., 1988).
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3.1.4 Seismicity

Many researchers have identified the eastern Mediterranean as an ideal natural laboratory for studying
the kinematics and dynamics of plate interactions, because its seismicity categorises it as one of the
most tectonically active regions on Earth (Plag et al., 1998; Rontogianni, 2010; Ford et al., 2013). As
the automation and new correction techniques have enabled more reliable motion recordings (Margaris
et al., 2002), it has been appointed that, Greece astonishingly releases about 2% of the whole world’s

seismic energy, which corresponds to more than 50% of Europe’s seismic energy (Koukis et al., 2005).

Within Greece, the city of Patras in NW Peloponnese is surrounded by some of the most seis-
mically active seismogenic structures (tectonic faults and grabens of recent geodynamic evolution)
(Koukis et al., 2005; Mantyniemi et al., 2004). Although the seismic activity was continuous since the
ancient times, the combination of historical data and geomorphological observations is fundamental
to determine and date the reactivation of faults (Gaki-Papanastasiou et al., 1996). Afterwards, those
faults can be registered in an earthquake catalog, necessary for seismic hazard, seismic risk, seismic

zonation evaluation as well as for future planning of land use (Burton et al., 2004).

From earthquake catalogs, maps can be produced such as the one of Figure 12. Regarding historical

data about Greece, philosophers in greek and latin language have started writing down seismic events
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after 6th century B.C.. Up to 1000 A.D., ancient and Byzantine texts account the most significant
earthquakes. From 1000 to 1500 A.D. Byzantine historians markdown most of the seismic events, and
the others can be found in archives, chronicles and marginal notes. Until 1900, historical earthquakes
are reported in Ottoman archives, diplomatic archives, monastery books and other sources (Kouskouna
and Makropoulos, 2004). By 1911, the first seismometer (Mainka with 2 horizontal components) was
installed in Athens, defining the end of Greek historical earthquake data (Kouskouna and Makropoulos,

2004; Lee et al., 2003).
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trated only for the following periods and magnitudes M>6.5 since 1901, M>5.2 since 1911, M>4.8
since 1950 and M>4.5 since 1964, data from A.U.TH. (1981), processed by the author.

More recent research has focused on the seismicity pattern of the area revealing that most of the
events are shallow, occurring in depth of 2-25 km (Melis et al., 1989). Underneath Patras and western
Corinth, shallow earthquakes take place due to the crustal extension (Kassaras et al., 2016). As the
faults are active, giving frequently seismic events of small magnitude, permanent and non permanent
networks of Global Navigation Satellite System (GNSS) monitor the area and can be accessed from

sites like the CRL Near Fault Observatory portal or Noanet.
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3.2 Surface motion

Earth’s surface can be in motion due to one or multiple causes.

3.2.1 Subsidence

The ground surface mostly shifts downwards, for as many natural reasons as man made. Some of the

reasons for a subsiding region are:

faults: The hanging wall of a normal fault or the footwall of a thrust fault are subsiding. Big blocks

show displacement due to extension or compression of an area (Molnar, 2015).

compaction: Some lithologies are porous and contain fluid within them. If more sediments ac-
cumulate above these lithologies or buildings are constructed, the stress augments leading to liquid

escape and porosity declination (Doornhof et al., 2006).

water pumping: Extended land subsidence can be caused by water pumping in unconsolidated
aquifer systems (Holzer, 1983) and uplift can occur after the elastic rebound of the recharged aquifer

(Chen et al., 2007).

extraction of ground resources: Subsidence can occur due to voids from mining underground salt,
sulfur and other minerals or gas(l.ee and Abel Jr., 1983) and in the long term uplift due to flooding

(Vervoort and Declercq, 2018).

3.2.2 Elevation

Tectonic uplift occurs on the footwall of a thrust fault or the hanging wall of a reverse fault. Common
places with significant elevation rates are zones of continental plates collision and the island arcs of

oceanic plate subduction (Cordonnier et al., 2016).
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Figure 13: Diagrams of dip-slip normal and reverse/thrust faults (Girty, 2009).

3.2.3 Strike-slip faults

On strike-slip faults, the motion on the fault plane is horizontal and not vertical as apposed to subsidence
or elevation. Some of the reasons for strike-slips faults to occur are: the separation of blocks moving
because of plate convergence, the accommodation of different rates of displacements over a region, the
transfer of horizontal slip between neighboring/almost parallel faults or the distinction of contrasting

tectonic styles (Sylvester, 1988).

Tectonic ground motion is complex, with almost every time vertical and horizontal components.
However, the faults are called oblique only when dip-slip and strike-slip components co-exist, are
perceptible and measurable (IRIS, 2017).
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Figure 14: Diagrams of strike-slip faults (Girty, 2009).
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4 Seismic Risk

A generic definition of seismic risk could be set as the probability of occurrence of the adverse conse-
quences to society (Wang, 2008). In other words, seismic risk can be expressed as the probability that
humans will expose themselves to loss or damage to their built environment if they are exposed to a
seismic hazard (Wang, 2009b). A simple expression of seismic risk is the synergy of seismic hazard

and vulnerability of humans or their built environment:

R=Hx*V )

where R is the risk of the exposed population or potential damage to buildings, H is the factor of
seismic hazard and V is the population or building vulnerability. Hence, high seismic hazard does not
mean high seismic risk if exposure is low enough, and vice versa (Sipos and Hadzima-Nyarko, 2017;

Wang, 2009a).

Even though seismic risk is proportional to seismic hazard, cities with dense population tend to
have the higher earthquake risk (Papadopoulos and Arvanitides, 1996). Patras in particular, being the
third largest city of Greece, had an urban planning where geological setting and processes were not
taken accurately into consideration, leading to higher seismic risk (Koukis et al., 2005; Tselentis et al.,

2004).

4.1 Seismic Hazard

Seismic hazard is often confused with seismic risk and given the same definition as in (Cornell, 1968),
so it is important to clarify their meaning. Hazard can be any natural or man-made phenomenon,
capable to harm society (Panza et al., 2011). Earthquake or seismic hazard is the likelihood of ground
motions (or another parameter) to exceed a given value over a specified time period (Gupta, 2007;

Tsipianitis, 2015).

With the use of the whole seismological record, taking into account both historical and instru-
mental data, and without using any specification of seismic sources or/and seismic zones, the seismic

hazard can be mapped practicing a probabilistic approach (Tsapanos et al., 2004). For engineering
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applications, a commonly considered parameter for seismic hazard is peak ground acceleration (PGA)

(Solomos et al., 2008). As seen in Figure 15, the studied area of Patras-Rio has a high value of PGA.

Figure 15: Smoothed probabilistic seismic hazard map of Greece and adjacent areas in terms of PGA

values at 10% probability of exceedance, until 2054 (Tsapanos, 2008).

4.2 Vulnerability

The vulnerability of the area to earthquakes is related to the physical condition of the built environment,

the exposure of the city, and lastly, social and economic conditions (Tselentis et al., 2004).

Seismic vulnerability to buildings is depended on seismic deficiency of that building, meaning
the conditions that deteriorate the building’s performances (El-Betar, 2016). During an earthquake,
the structural members of the buildings should be capable to preserve a certain amount of integrity
(M. Mucciarelli et al., 2001). Some of the parameters taken into consideration for vulnerability as-
sessment are: the age of the structure, the building’s height, the visible ground settlement, distance

between seismic zones and the city, etc. (Alam et al., 2012).
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When evaluating seismic risk, the exposure refers to the assets or population that are at risk such as
buildings, transportation lines or population’s density (Wicland et al., 2012). Also, population exposure
varies significantly in temporal cycle, like night and day (home and place of work) or mid-summer and

autumn (vacation travels) (Freire and Aubrecht, 2012).

The social and economical status plays a vital role in vulnerability, as it can be interpreted as
resources for an efficient defense (Yucel and Arun, 2012). Social vulnerability to an earthquakes refers
to the capability of a human community to resist, cope with, and recover from the impact of that
natural hazard(Armas, 2008). Parameters within the social vulnerability are the: gender, age, social
status, ethnicity, type of housing etc(Armas and Gavris, 2016). Finally, vulnerability is related to the

economic loss expressed as mean damage ratio to the hazard’s severity (Yamin et al., 2017).

The studied area is characterised by high vulnerability due to the large population, the large eco-
nomic value of the exposed structures (Mantyniemi et al., 2004) and the active faults zones in the
vicinity of the urban areas (Q=ooocionu, 2015). Figure 16, illustrates some of the most active faults in
the proximity of the urban and sub-urban studied area. In particular, Agia Triada fault zone (ATFZ)
seems to be in the heart of Patras city and Patra-Rio fault zone (PRFZ) appears along a sub-urban area

extending from Patras to Rio.
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Figure 16: The faults demonstrated on a level-1C Sentinel-2A image, accessible from (USGS, 2017),
are after the works of Flotte et al. (2005) and Koukis et al. (2005).
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5 Literature Review

Almost eight years ago, Parcharidis et al. (20092) studied the ground deformation over Rio-Antirio
for the period 1992-2000 by means of InSAR techniques. In this case the PSs were mainly in and in
near proximity of the urban areas. Near Rio, the points showed subsidence with almost linear ground
deformation from -1.8mm/year to -6.2mm/year. Surroundings with higher altitude showed stability or
even uplift from +2mm/year to +6mm/year. Towards Patras and East of Rio, subsidence rates decreased
with no less than -1.5mm/year. The displacements in Rio where interpreted by the presence of the Rio-

Patras transfer-fault zone.

The same year, Parcharidis et al. (2009b) investigated active faults in the cities of Patras and Pyrgos,
applying a PS interferometric analysis on data between 1992 and 2000. The hanging wall of Rio-Patras
fault showed subsidence of -4.5 to -5.5mm/year, however the footwall block revealed uplift velocities
of +4.0 mm/year to +5.5 mm/year. The downthrown block of Agia Triada fault (ATf) was subsidising

with rates of -1.0 to -2.8mm/year, while the footwall was uplifting with rates of +0.4 to +1.0 mm/yr.

Little less than 5 years ago, Elias (2013) observed ground deformation, occurring between 2002 and
2012, in the western Corinth rift using SAR interferometry. For the city of Patras, some discontinuities
were common and the deformation seemed to be persistent for from 1992 to 2010 (Figure 17). The
ground motion across the Rio-Patra fault zone (RPfz) was measured from 0.5 to 4mm/year. Moreover,

Psathopyrgos Delta shown sediment compaction, and movement on the Psathopyrgos fault (Fig. 18).

With a few months time interval from Elias’s PhD, Sakkas et al. (2013) made a combined study of
ground deformations at the broader area of gulf of Patras. Through this study, GPS measurements for
the period 1994-2006 combined with knowledge on the tectonic evolution, indicated regional uplifting
with rate of approximately 8-10mm/year. Moreover, subsidence up to Smm/year was identified in the
coastal areas of Patras, correlated with Quaternary deposits, human activity and the downthrown side

of RPfz.
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Figure 17: Map of the vertical rate of the city of Patras, using PSI/SBAS technique. The black dotted
lines correspond to cross sections of original author. The main discontinuities of A-A’, B until B” and
to B”, at C, D, E until F ac be discriminated. The thin white dotted lines visualise the fault traces of

Agia Triada and Rion-Patras fault zone (Elias, 2013).
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Figure 18: Map of the vertical rate of the Rion-Patras fault zone, using PSI/SBAS technique. The black
dotted lines correspond to cross sections of original author. The white dashed line visualises the RPfz

(Elias, 2013).
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6 Data

6.1 Digital Elevation Model

The processing of SAR images has been done with a Digital Elevation Model (DEM) of 5Sm x 5m
cell size, produced by the Hellinc Cadastre with aerial photogrammetry for their own needs. The
original DEM was on traverse Mercator projection of GGCS87 Datum, but has been turned to Universal
Transverse Mercator (UTM) projection and the corresponding DEM parameter file was computed with

the GAMMA software.

6.2 Synthetic Aperture Radar Observation data

In this study Level 1 Single Look Complex (SLC) and Single Look Slant range Complex (SSC, here
by referred to as SLC as well) image products were used from the satellites illustrated in Figure 19.
SLC images are digital, amplitude and phase are encoded as complex numbers. The image’s data are
focused SAR data, geo-referenced and provided in slant-range geometry. Before being distributed the

data had a minimum number of corrections and interpolations (ESA, 2017a).

For all of the processing, since the main area studied is urban and sub-urban, co-polarimetric (VV
or HH) data has been used. This type of polarization provides strong signal due to double bounce
effect on the buildings. Applying the same polarization over the time-series, the data can be more

easily compared.

Satellite data has been provided by various sources. In order to access the ERS’s and ENVISAT’s
catalogue of ESA’s Earth Observation data products, the interactive multi-platform Earth Observation
Link - Stand Alone (EOLi-SA) tool was used. TerraSAR-X imagery has been provided by DLR, in
support of the Group of Earth Observations (GEO) Supersite, using the EOWEB system. For Sentinel-

1, Copernicus Sentinel data has been retrieved from ASF DAAC.

Precise orbit state vectors have been additionally downloaded in order to estimate the interferomet-
ric baselines of the two older satellites. For Envisat, DORIS Precise Orbit State Vectors were generated
by the Centre de Traitement Doris Poseidon (CTDP). For ERS, Delft Institute for Earth-oriented Space
Research (DEOS) provided the study with highly precise orbits.
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Figure 19: Here are illustrated the used satellites’ lifetime and type of band, configured from the orig-

inal image Schmullius (2017).

6.2.1 ERS

ERS-1 and ERS-2 where European Remote Sensing satellites, launched for the scientific study of
Earth’s environment. They both had a Sun-synchronous polar orbit, with ERS-1 being launched in
July 1991 and ERS-2 in April 1995 (Attema et al., 2000). The ERS-1 and ERS-2 had an incidence
angle of 23° and where in tandem operation, meaning that ERS-2’s track would be the same as ERS-1’s
with 24 hours delay, (Duchossois and Martin, 1995). ERS-1 and ERS-2 operated until March 2000
and June 2011, respectively (Van't-Klooster, 2011).

ERS-1/2 level 1 SLC characteristics
Pixel size 8m (slant range) x 4m (azimuth - along track)
Scene area 100 km (range) x at least 102.5 km (azimuth)
Number of looks 1
Total product volume 575 Mbytes/product

Table 1: ERS-1 and ERS-2 level 1 SLC’s image product characteristics (ESA, 2017a).

44



count | Satellite | Image(date) | Orbit
1 ERS 1 | 10/06/1993 | 9943
2 ERS 1 | 19/08/1993 | 10945
3 ERS 1 | 28/10/1993 | 11947
4 ERS 2 | 04/06/1995 | 634
5 ERS 2 | 09/07/1995 | 1135
6 ERS 2 | 13/08/1995 | 1636
7 ERS 2 | 17/09/1995 | 2137
8 ERS 2 | 31/12/1995 | 3640
9 ERS 2 | 19/05/1996 | 5644
10 ERS 2 | 23/06/1996 | 6145
11 ERS 2 | 10/06/1996 | 7648
12 ERS 2 | 11/10/1996 | 8149
13 ERS 2 | 06/08/1997 | 11155
14 ERS 2 | 17/08/1997 | 12157
15 ERS 2 | 21/09/1997 | 12658
16 ERS 2 | 19/04/1998 | 15664
17 ERS 2 | 24/05/1998 | 16165
18 ERS 2 | 28/06/1998 | 16666
19 ERS 2 | 06/09/1998 | 17668
20 ERS 2 | 28/02/1999 | 20173
21 ERS 2 | 13/06/1999 | 21676
22 ERS 2 | 18/07/1999 | 22177
23 ERS 2 | 22/08/1999 | 22678
24 ERS 2 | 26/09/1999 | 23179
25 ERS 2 | 31/10/1999 | 23680

Table 2: ERS-1 and 2 imagery (descending, track: 279, frame: 2835, polarization: VV) that has been

used (in bold the master reference image).
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count | Satellite | Image(date) | Orbit
1 ERS 1 | 29/04/1993 | 9349
2 ERS 1 | 03/06/1993 | 9850
3 ERS 2 | 28/05/1995 | 541
4 ERS 2 | 06/08/1995 | 1543
5 ERS 2 | 10/09/1995 | 2044
6 ERS 2 | 15/10/1995 | 2545
7 ERS 2 | 24/12/1995 | 3547
8 ERS 2 | 28/01/1996 | 4048
9 ERS 1 | 11/05/1996 | 25224
10 ERS 2 | 12/05/1996 | 5551
11 ERS 2 | 16/06/1996 | 6052
12 ERS 2 | 21/07/1996 | 6553
13 ERS 2 | 29/09/1996 | 7555
14 ERS 2 | 10/08/1997 | 12064
15 ERS 2 | 19/10/1997 | 13066
16 ERS 2 | 17/05/1998 | 16072
17 ERS 2 | 26/07/1998 | 17074
18 ERS 2 | 02/05/1999 | 21082
19 ERS 2 | 11/07/1999 | 22084
20 ERS 2 | 19/09/1999 | 23086
21 ERS 2 | 28/11/1999 | 24088

Table 3: ERS-1 and 2 imagery (ascending, track: 186, frame:

used.

6.2.2 ENVISAT

765, polarization: VV) that has been

Envisat was at the time, Europe’s the largest and most complex satellite and continued/extended the

data services provided by ERS-1 and ERS-2. This satellite had Sun-synchronous polar orbit as well

(Dubock et al., 2001), but the instruments were more complex than its’ predecessors. Envisat had been
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launched in 2002, had incedence angles 15-45° and its’ mission ended in April 2012 (Kramer, 2017).

ENVISAT level 1 SLC characteristics

Pixel size 8m (slant range) x 4m (azimuth - along track)
Scene area 100 km (range) x 56 to 100 km (azimuth)
Number of looks 1
Total product volume 741 Mbytes/product

Table 4: ENVISAT level 1 SLC’s image product characteristics (ESA, 2016).

count | Satellite | Image(date) | Orbit

1 Envisat-1 | 22/06/2003 | 6846

2 Envisat-1 | 09/11/2003 | 8850
3 Envisat-1 | 22/02/2004 | 10353
4 Envisat-1 | 28/03/2004 | 10854
5 Envisat-1 | 11/07/2004 | 12357
6 Envisat-1 | 19/09/2004 | 13359
7 Envisat-1 | 13/03/2005 | 15864
8 Envisat-1 | 17/04/2005 | 16365
9 Envisat-1 | 13/11/2005 | 19371
10 | Envisat-1 | 26/02/2006 | 20874
11 Envisat-1 | 11/06/2006 | 22377
12 | Envisat-1 | 16/07/2006 | 22878
13 | Envisat-1 | 29/10/2006 | 24381
14 | Envisat-1 | 05/08/2007 | 28389
15 | Envisat-1 | 27/01/2008 | 30894
16 | Envisat-1 | 06/04/2008 | 31896
17 | Envisat-1 | 11/05/2008 | 32397
18 | Envisat-1 | 15/06/2008 | 32898
19 | Envisat-1 | 20/07/2008 | 33399
20 | Envisat-1 | 24/08/2008 | 33900
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count | Satellite | Image(date) | Orbit

21 | Envisat-1 | 28/09/2008 | 34401
22 | Envisat-1 | 02/11/2008 | 34902
23 | Envisat-1 | 07/12/2008 | 35403
24 | Envisat-1 | 15/02/2009 | 36405
25 | Envisat-1 | 22/03/2009 | 36906
26 | Envisat-1 | 26/04/2009 | 37407
27 | Envisat-1 | 31/05/2009 | 37908
28 | Envisat-1 | 13/09/2009 | 39411
29 | Envisat-1 | 22/11/2009 | 40413
30 | Envisat-1 | 27/12/2009 | 40914
31 | Envisat-1 | 07/03/2010 | 41916
32 | Envisat-1 | 11/04/2010 | 42417
33 | Envisat-1 | 20/06/2010 | 43419
34 | Envisat-1 | 03/10/2010 | 44922

Table 5: Envisat-1 imagery (descending, track: 279, frame: 2835, polarization: VV) that has been

used.
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count | Satellite | Image(date) | Orbit
1 Envisat-1 | 11/02/2003 | 4978
2 Envisat-1 | 05/08/2003 | 7483
3 Envisat-1 | 14/10/2003 | 8485
4 Envisat-1 | 23/12/2003 | 9487
5 Envisat-1 | 06/04/2004 | 10990
6 Envisat-1 | 11/05/2004 | 11491
7 Envisat-1 | 20/07/2004 | 12493
8 Envisat-1 | 24/08/2004 | 12994
9 Envisat-1 | 28/09/2004 | 13495
10 | Envisat-1 | 02/11/2004 | 13996
11 Envisat-1 | 11/01/2005 | 14998
12 | Envisat-1 | 26/04/2005 | 16501
13 | Envisat-1 | 31/05/2005 | 17002
14 | Envisat-1 | 25/07/2006 | 23014
15 | Envisat-1 | 03/10/2006 | 24016
16 | Envisat-1 | 16/01/2007 | 25519
17 | Envisat-1 | 20/02/2007 | 26020
18 | Envisat-1 | 11/03/2008 | 31531
19 | Envisat-1 | 15/04/2008 | 32032
20 | Envisat-1 | 29/07/2008 | 33535
21 | Envisat-1 | 02/09/2008 | 34036
22 | Envisat-1 | 07/10/2008 | 34537
23 | Envisat-1 | 11/11/2008 | 35038
24 | Envisat-1 | 20/01/2009 | 36040
25 Envisat-1 | 24/02/2009 | 36541
26 | Envisat-1 | 05/05/2009 | 37543
27 | Envisat-1 | 09/06/2009 | 38044
28 | Envisat-1 | 09/02/2010 | 41551

Table 6: Envisat-1 imagery (ascending, track: 415, frame: 765, polarization: VV) that has been used.
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6.2.3 TerraSAR-X

TerraSAR-X is a commercial German SAR Earth observation satellite launched in June 2007 expected
to deliver data beyond 2018. This satellite is equipped with a high frequency X-band SAR sensor, in
a Sun-synchronous repeat orbit and with incidence angle range from 15° to 60° (Airbus Defence and

Space, 2014).

TerraSAR-X Strip Map SSC, single polarization characteristics

Pixel size 1.2m (slant range) x 3.3m (azimuth - along track)
Scene area 30 km (range) x 50 km (azimuth)

Number of looks 1

Total product volume 1.95 Gbytes

Table 7: TerraSAR-X, StripMap (SM), single polarization, level 1 SLC’s image product characteristics
(Airbus Defence and Space, 2014).

count Satellite Image(date) | Orbit
1 TerrraSAR-X | 30/11/2010 | 19199
2 TerrraSAR-X | 11/12/2010 | 2636
3 TerrraSAR-X | 22/12/2010 | 2803
4 TerrraSAR-X | 02/01/2011 | 2970
5 TerrraSAR-X | 13/01/2011 | 19867
6 TerrraSAR-X | 04/02/2011 | 20201
7 TerrraSAR-X | 15/02/2011 | 3638
8 TerrraSAR-X | 26/02/2011 | 20535
9 TerrraSAR-X | 09/03/2011 | 3972
10 | TerrraSAR-X | 20/03/2011 | 20869
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count Satellite Image(date) | Orbit
11 TerrraSAR-X | 31/03/2011 | 4306
12 TerrraSAR-X | 11/04/2011 | 4473
13 TerrraSAR-X | 03/05/2011 | 4807
14 TerrraSAR-X | 14/05/2011 | 4974
15 TerrraSAR-X | 25/05/2011 | 21871
16 TerrraSAR-X | 27/06/2011 | 22372
17 TerrraSAR-X | 10/08/2011 | 6310
18 TerrraSAR-X | 21/08/2011 | 23207
19 TerrraSAR-X | 15/10/2011 | 24042
20 | TerrraSAR-X | 26/10/2011 | 24209
21 TerrraSAR-X | 06/11/2011 | 7646
22 TerrraSAR-X | 17/11/2011 | 7813
23 TerrraSAR-X | 09/12/2011 | 24877
24 TerrraSAR-X | 11/01/2012 | 25378
25 TerrraSAR-X | 28/03/2012 | 26547
26 TerrraSAR-X | 08/04/2012 | 26714
27 TerrraSAR-X | 19/04/2012 | 10151
28 TerrraSAR-X | 30/04/2012 | 27048
29 TerrraSAR-X | 02/06/2012 | 27549
30 TerrraSAR-X | 24/06/2012 | 27883
31 TerrraSAR-X | 07/08/2012 | 28551
32 TerrraSAR-X | 29/08/2012 | 28885

Table 8: TerraSAR-X imagery (ascending, relative orbit: 161, polarization: HH) that has been used.

6.2.4 Sentinel-1

ESA’s heritage of C-band SAR systems (ERS-1, ERS-2 and Envisat) continues with Sentinel-1 A and
B, two satellites orbiting 180° apart. Sentinel-1A and B were launched with 2 years delay, in April 2014

and in April 2016 respectively (ESA, 2017c¢). These satellites use an interferometric wide swath mode
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which obtains three sub-swaths using Terrain Observation with Progressive Scans SAR (TOPSAR)
technique, with several bursts per sub-swath, in a range of incidence angle from 29.1° to 46.0° (ESA,

2017b).

Sentinel-1 level 1 Interferometric Wide Swath SLC characteristics

Number of looks

Total product volume

1

Pixel size Sm (range) x 20m (azimuth)
Scene area 250km swath width
Sub-swaths 3

8 GB/product

Table 9: Sentinel-1 level 1 SLC’s image product characteristics (ESA, 2017b).
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count Satellite Image(date) | Orbit
1 Sentinel-1A | 27/01/2015 | 4352
2 Sentinel-1A | 08/02/2015 | 4527
3 Sentinel-1A | 04/03/2015 | 4877
4 Sentinel-1A | 16/03/2015 | 5052
5 Sentinel-1A | 28/03/2015 | 5227
6 Sentinel-1A | 09/04/2015 | 5402
7 Sentinel-1A | 17/12/2015 | 9077
8 Sentinel-1A | 29/12/2015 | 9252
9 Sentinel-1A | 10/01/2016 | 9427
10 | Sentinel-1A | 22/01/2016 | 9602
11 | Sentinel-1A | 03/02/2016 | 9777
12 | Sentinel-1A | 15/02/2016 | 9952
13 | Sentinel-1A | 27/02/2016 | 10127
14 | Sentinel-1A | 10/03/2016 | 10302
15 | Sentinel-1A | 03/04/2016 | 10652
16 | Sentinel-1A | 15/04/2016 | 10827
17 | Sentinel-1A | 08/07/2016 | 12052
18 | Sentinel-1A | 01/08/2016 | 12402




count Satellite Image(date) | Orbit
19 | Sentinel-1A | 13/08/2016 | 12577
20 | Sentinel-1A | 30/09/2016 | 13277
21 | Sentinel-1B | 06/10/2016 | 2381
22 | Sentinel-1A | 12/10/2016 | 13452
23 | Sentinel-1B | 18/10/2016 | 2556
24 | Sentinel-1A | 24/10/2016 | 13627
25 | Sentinel-1B | 30/10/2016 | 2731
26 | Sentinel-1A | 05/11/2016 | 13802
27 | Sentinel-1A | 17/11/2016 | 13977
28 | Sentinel-1A | 29/11/2016 | 14152
29 | Sentinel-1A | 11/12/2016 | 14327
30 | Sentinel-1A | 23/12/2016 | 14502
31 | Sentinel-1A | 04/01/2017 | 14677
32 | Sentinel-1A | 16/01/2017 | 14852
33 | Sentinel-1A | 28/01/2017 | 15027
34 | Sentinel-1A | 09/02/2017 | 15202
35 | Sentinel-1A | 21/02/2017 | 15377
36 | Sentinel-1A | 05/03/2017 | 15552
37 | Sentinel-1A | 17/03/2017 | 15727
38 | Sentinel-1A | 29/03/2017 | 15902
39 | Sentinel-1A | 10/04/2017 | 16077
40 | Sentinel-1A | 22/04/2017 | 16252
41 | Sentinel-1A | 04/05/2017 | 16427
42 | Sentinel-1B | 10/05/2017 | 5531
43 | Sentinel-1A | 16/05/2017 | 16602
44 | Sentinel-1B | 22/05/2017 | 5706
45 | Sentinel-1A | 09/06/2017 | 16952
46 | Sentinel-1A | 21/06/2017 | 17127

Table 10: Sentinel-1 imagery (descending, track: 80, frame: 463) that has been used.
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count Satellite Image(date) | Orbit

1 Sentinel-1A | 30/09/2015 | 7947

2 Sentinel-1A | 17/11/2015 | 8647
3 Sentinel-1A | 3/05/2016 | 11097
4 Sentinel-1A | 27/05/2016 | 11447
5 Sentinel-1A | 2/07/2016 | 11972
6 Sentinel-1A | 14/07/2016 | 12147
7 Sentinel-1A | 7/08/2016 | 12497
8 Sentinel-1A | 6/10/2016 | 13372
9 Sentinel-1A | 18/10/2016 | 13547
10 | Sentinel-1A | 30/10/2016 | 13722
11 | Sentinel-1A | 11/11/2016 | 13897
12 | Sentinel-1A | 23/11/2016 | 14072
13 | Sentinel-1A | 5/12/2016 | 14247
14 | Sentinel-1A | 29/12/2016 | 14597
15 | Sentinel-1A | 10/01/2017 | 14772
16 | Sentinel-1A | 22/01/2017 | 14947
17 | Sentinel-1A | 3/02/2017 | 15122
19 | Sentinel-1A | 15/02/2017 | 15297
20 | Sentinel-1A | 27/02/2017 | 15472
21 | Sentinel-1A | 11/03/2017 | 15647
22 | Sentinel-1A | 23/03/2017 | 15822
23 | Sentinel-1A | 4/04/2017 | 15997
24 | Sentinel-1A | 16/04/2017 | 16172
25 | Sentinel-1A | 28/04/2017 | 16347
26 | Sentinel-1A | 10/05/2017 | 16522
27 | Sentinel-1A | 22/05/2017 | 16697
28 | Sentinel-1A | 3/06/2017 | 16872
29 | Sentinel-1A | 15/06/2017 | 17047
30 | Sentinel-1A | 27/06/2017 | 17222

Table 11: Sentinel-1 imagery (ascending, track: 175, frame: 122) that has been used.
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7 Methodology

The multi-temporal observation of the Patra-Rio region was done by DInSAR techniques. The al-
gorithms used were the SVD (Berardino et al., 2002) and IPTA approach (Osmanoglu et al., 2015).
Both of the approaches are well known to the scientific community, however each resolves DInSAR

problems from different perspectives.

Throughout the dissertation, three software have been used. All processing was carried out with the
use of the GAMMA Remote Sensing Software. This software supports the SAR, InSAR and DInSAR
processing of remote SAR systems. Then the results were imported to ArcGIS, a mapping & analytics
platform for data manipulation and the illustration of the results with maps. Finally, some diagrams

were made with the Microsoft Excel 2016 spreadsheet software.

7.1 PSs method - IPTA algorithm

7.1.1 IPTA pre-processing

The first step is from the advanced SAR data to generate the SLC parameter and image files. The next
step is to replace the single state vector provided with the SLC data with precision state vectors as to
calculate or update the orbit parameters of the SLC parameter file. Afterwards, an initial lookup table,
simulated SAR image, and DEM segment parameters have to be generated to determine if the DEM

has enough detail for geocoding.

When all data are on the right format, the coregistration can be achieved. Here, all slave images
will be reasmpled to the geometry of tha master image. The IPTA technique demands choosing the op-
timal master product which will give the average perpendicular baseline closest to zero. The reference
scene was selected primarily on the baseline minimization criteria, however, it is of interest to choose
the reference scene near the temporal average of the available SAR acquisitions. The average perpen-
dicular baseline per IPTA analyzed data-set, as seen in Figure 20, are: (a) -23.379m, (b) 12.683m, (c)
-25.208m, (d) 53.347m and (e) -26.617m.

From this point, in order to economise resources and remove unnecessary information, the SLC

images can be cropped and keep only the studied subset.
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Figure 20: Plots of aquisition dates versus the baselines of the interferograms.
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7.1.2 IPTA processing

The processing commences with the selection of the point targets, probable PSs with low spectral phase
diversity and/or low intensity variability, expecting that PSs should not show speckle behavior since
the dominant scatterer would produce simple coherent echoes. From these points some are excluded
from the processing due to coherence and mean sigma ratio thresholds that are applied. The thresholds
over these probable PSs do not ensure the appearance of points over flat areas, on the contrary, probable

PSs may be shown over mountainous regions as well as on water surfaces.

Following comes the generation and analysis of point data stack of differential interferograms by
means of phase regression analysis in the temporal domain. A two dimensional bi-linear analysis is
done with the dimensions corresponding to the perpendicular baseline of each interferometric pairs

and to the time difference between the two images, as in:

ap + ay * bperpli] + as * delta_t[i] (10)

where qg is the phase offset, a; is the slope baseline dimension, a, is the slope in time dimension,
bperp is the peprpendicular baseline component and delta_t is the time interval of the [¢] interfero-

grams.

The inspection of linear dependence of the topographic phase to the perpendicular baseline and
of linear phase dependence with time, will lessen the impact of distance between the two pairs phase
components. Such components are the atmospheric distortion, the baseline error and higher relative
deformation rates in individual points with higher deviations from the regression plain. Afterwards,
an evaluation of the preliminary probable PSs is needed in order to reject the ones with phase standard
deviation larger than the desired threshold. As a result, an important number of PSs candidates that

will be rejected used to be located over water surface or mountainous areas.

Following comes the choice of the reference point for unwrapping, which in this study is the area
in proximity with the GNSS permanent station of Patras’ University (PATO). The unwrapped interfer-
ometric phase is the same as in conventional interferometry, well expressed by (Werner et al., 2003)

as:
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q)unw = ¢topo + ¢disp + (batm + ¢noise (1 1)

very similar to the equation (1), however the orbital phase errors and the flat earth phase component

have been dealt with.

From the uwrapped phases, some PS points express ground movement close to none and these
are used for a baseline refinement. With the refined baselines, height corrections and estimated linear

deformation rates, the interferometric model of the phase was revised.

Furthermore, the results where treated with temporal and spacial filters in order to minimise atmo-
spheric and other noises. Considering atmospheric effects as of large scale and non-linear, a spatial
filter of linear least-squares was applied so that non-linear deformation at scales larger than approxi-
mately 400m on ground were removed. Additionally, as atmospheric effects and other noises are not
correlated temporally another filter was used calculating combined atmospheric corrections for the
interferometric pairs. Additional phase noise was decreased with spatial average filtering around the

reference point, presuming no ground deformation in the area.

From this step, only points with very low standard deviation from the regression functions will
undertake point-wise investigation of the baseline and time dependence of the interferometric phase.

For these points height corrections, linear displacement rates and residual phases will be estimated.

Lastly, small scale linear least-squares spatial filtering of the residual phases has been used to sup-
press phase noise and non-linear movement over multiple observation has been removed with tempo-
ral filtering. Temporal filtering with linear regression reduces errors from the interferograms with the

largest temporal baselines,

Results of this technique are PSs heights, linear ground movement rates, atmospheric phase, refined
baselines, phase coherence measurements for quality control, non-linear deformation histories for each

point and linear displacement rates of PSs on the LOS.
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7.2 Hybrid method - SVD algorithm

The SVD processing has been applied only on the Sentinel-1 data and thus the steps explained would
be a little different if it were for another satellite. The differences come from the bursts and sub-swaths

os Sentinel-1 imagery and the unprecedentedly small baselines between the acquisitions.

7.2.1 SVD pre-processing

Firstly, in the interest of saving some memory space and make the procedure faster, the sub-swaths and

bursts containing the area were defined as to compute the multi-temporal analysis only with them.

Afterwards, an image from the data-set (later defined as master image) has to be terrain geocoded
and the DEM has to be re-sampled to SAR Range-Doppler Coordinates. Through this all other, slave
Sentinel-1 TOPS SLCs can be coregistered to the master - reference burst. This step is essential to be

done on less than a pixel’s offset so that pixel by pixel calculations are valid.

Then, the coregistration takes place where the slave images are resampled to the master’s geometry.
With orbit geometry and terrain height a coregistration lookup table is calculated. This table is refined
with intensity matching and the spectral diversity methods. This automated procedure refines the ta-
ble until azimuth correction recheas <0.01 pixel and azimuth coregistration with spectral diversity is
<0.0005 pixel. In context of reserving more memory space and accelerate the process, the images are

cut with specific boundaries on the area of interest.

As all images are now coregistered, interferogram pairs with specific perpendicular and temporal
baseline can be computed (Fig. 21). For the maximum scene number difference between passes of
3: Figure (21a) illustrates 132 pairs of average perpendicular baseline 59.095m, and Figure (21b)

illustrates 81 pairs of average perpendicular baseline 46.136 m.
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Figure 21: Plots of aquisition dates versus the baselines of the interferograms.

For interferometric pairs of relatively small perpendicular baseline, the wrap interferograms are
calculated. From each interferogram, the flat Earth component is removed and same goes for the topo-
graphic phase. Subsequently an adaptive filtering of the set of differential intrferograms is benevolent
for phase noise reduction. These wrap interferograms produced with the GAMMA software are be-
lieved to be satisfying enough to unwrap them with a minimum cost flow algorithm. The unwrapping
took reference point near the permanent GNSS station of the University of Patras (PATO) . With the
unwrapped phases and the DEM, precision baselines are calculated and are used for a second pass of

wrapping, adaptive filtering and unwrapping, leading to more robust results.

7.2.2 SVD processing

For the set of multi-reference continuous unwrapped interferograms, the time-series phase and it’s
linear fit are calculated. From the linear fit and the unwrapped interferograms, displacement maps on

LOS can be estimated.

Finally, the displacement rates are geocoded to the geographical projection of the desired digital
elevation model. In order to further distribute and manage the results, the geocoded data were converted

into a GeolIFF file.

60

A0
<


http://www.epncb.oma.be/_productsservices/timeseries/index.php?station=PAT000GRC

8 Results

The results are illustrated with maps for better understanding of the spatial extent and geographic loca-
tion of each feature. Moreover, each map contains information for the line-of-sight of a specific satel-
lite and either its ascending or descending orbits. Even though the satellites are different, the angle
for their line-of-site is similar and such that the motion observed is mostly vertical (Samieie-Esfahany
et al., 2009). Lastly, all maps contain the faults seen in Figure (16) as to compare the dissertation’s

findings to the literature’s. The results of categorised data-sets are as following:

ERS descending, Figure 22. The feature north of the PRFZ is slightly dipping relatively to the
reference point. The same feature is gradually dipping towards the north. More points seem stable at

the port.

ERS ascending, Figure 23. The marked PRFZ separates clearly a stable (southern) feature and a
dipping one (northern feature). The buildings around the port of Patras function great as scatterers and
those close to the PRFZ and south of it, stay stable over the years observed (relatively to the reference

point).

Envisat descending, Figure 24. PRFZ aligns with the boundaries of blocks moving independently.
The feature north of PRFZ is moving away from the satellite, with bigger rate of motion in its center.
Additionally, at the SW part of the down-throwing (northern) feature, a difference in motion rate indi-

cates the existence of possible fault perpendicular to the PRFZ.

Envisat ascending, Figure 25. Southern to the PRFZ the points are more stable or dip with smaller
rate than the points norther to the fault zone. Most motion occurs at the central part of the northern

block.

TerraSAR-X ascending, Figure 26. Due to unwrapping errors, the studied area with the x-band
data had to be smaller than the areas studied by the other satellites. South of the PRFZ, points are
relatively stable or uplifting compared to the reference point on the LOS. North of the PRFZ, the

points are both uplifting and dipping, however the dipping points outnumber the uplifting ones.

Sentinel-1 descending, Figure 27. Ground motion comes in accordance with the literature review.
PRFZ and other faults are clearly seen by the patterns made of motion rate differences. Though, most

dipping motion is observed towards smaller altitude - the shore.
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Sentinel-1 ascending, Figure 28. As pointed in the map, PRFZ is separating a more stable southern
block from a dipping northern one. For the dipping block, bigger motion rate is at its center and motion

rate differences at the SW part lead to assumptions of fault perpendicular to the PRFZ.

Feature north of PRFZ, Figure 29. Distribution curves for the ground motion observed by all the
satellites show that this feature is moving away from the satellites. Nonetheless, the results obtained by
the ascending orbits (brown and green lines) have distribution curves with picks pointing greater motion
away from the satellites than the picks of the descending data-sets (blue lines). It is also note worthy
that the motion away from the satellites is gradually augmenting with the passage of time (illustrated

with lighter to darker colours for oldest to newer data-sets of same orbital direction and bandwidth).

Feature south of PRFZ, Figure 30. Distribution curves for the ground motion observed by all the
satellites show that this feature is more stable from the southern feature. For the distribution curves of

all the data-sets, no patterns can be recognised.
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Figure 22: IPTA results for the ERS descending data-set. Values < -8 or > 8 mm/year, that consist

<10% of the overall results, have been excluded.
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Figure 23: IPTA results for the ERS ascending data-set. Values < -8 or > 8 mm/year, that consist <10%

of the overall results, have been excluded.
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Figure 24: IPTA results for the Envisat descending data-set. Values < -8 or > 8 mm/year, that consist

<10% of the overall results, have been excluded.
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Figure 25: IPTA results for the Envisat ascending data-set. Values < -8 or > 8 mm/year, that consist

<10% of the overall results, have been excluded.
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Figure 26: IPTA results for the TerraSAR-X ascending data-set. Values < -8 or > 8 mm/year, that

consist <16% of the overall results, have been excluded.
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Figure 27: SVD results for the Sentinel-1 descending data-set. Values < -8 or > 8 mm/year, that consist

<10% of the overall results, have been excluded.
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Figure 28: SVD results for the Senitnel-1 ascending data-set. Values < -8 or > 8§ mm/year, that consist

<10% of the overall results, have been excluded.
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Distribution curves

15 20 25

-0.05
Ground motion (mm/year)

Figure 30: Distribution curves for the southern feature of PRFZ.
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9 Discussion

Over the 1993 to 2017 period, the expansion of the city, the stratigraphy and the tectonics have con-

tributed to the ground motion presented in this thesis.

For all data-sets of the same orbital direction (ascending/descending), similar deformation patterns
have been identified. Since almost identical trends are observed over distinctive time lines, it is jus-
tifiable to assume a linear trend also over the interval not recorded by the SAR data. A linear trend
persistent in such a long period (04/1993 up to 06/2017) permits the assumption of ground motion due
to the same causes. However not all motions can be justified by only one cause since more causes can

contribute to the same motion.

Comparing the ascending with the descending orbits, some motion is common while some is
recorded in different extent. Places showing the same amount and direction of motion for descend-
ing and ascending orbits corroborate the results and express mostly vertical motion. However over
the PRfz, the time-series analysis demonstrates partially, stronger motion observed by the ascending
orbits than for the descending ones. If we assume that the PRfz is a normal fault, the hanging wall
expresses less amount of motion away from the descending orbit than it does for the ascending one.
Taking into consideration that the descending orbits have a west looking slant-range direction, and the
ascending orbits have an east looking slant-range direction, the difference in linear motions observed

can be interpreted as horizontal East-West motion.

Comparing results of the same orbital direction (ascending/ascending or descending/descending)
diachronically. North of the PRfz, as the data-set analyzed becomes more recent, more PSs show
greater motion away from the satellite. Figure 29 illustrates that the probability of points with greater
motion away from the satellite augments. Again, it is reminded that motion on the LOS does not
correspond to only tectonic motion; nonetheless, the ground motion is not stationary with time and

should be studied in depth.

Other normal or reverse faults can be identified from the opposite motion direction of neighboring
blocks, equally seen from both orbital directions of the satellite. Characteristically for faults, one
block moves away from the satellite and the other block is moving towards the satellite. Moreover, the

boundaries of blocks identified by DInSAR means coincide with older fault cartography.
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The resulting maps have different amounts of permanent scatterers and coherence. For the IPTA
processing, comparing the maps with the corresponding average perpendicular baseline of each data-
set, a negative correlation can be observed between amount of PSs and average perpendicular baseline.
For both IPTA and SVD processing, the results show more apparent ground motion when more images
are used, expressing positive correlation. Moreover, differences among deformation patterns could re-
sult from the different viewing geometries of each satellite. Worth noting are the differences between
the TerraSAR-X and Sentinel-1 ascending results. Even though the amount of images and time covered
are similar, the results have dissimilarities due to unwrapping errors, different atmospheric contribu-
tions, polarization and bands used. Lastly, the conclusions made do not refer to each point separately

but to the overall result.
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10 Conclusions

A relatively new approach for remote active fault monitoring has been applied to the Patra-Rio fault
zone in order to better understand the tectonics of the area and the risk occurring for the urban and
sub-urban areas of the region. The multi-temporal DInSAR techniques can be carried out rapidly, with
minimum cost when data of open access are used, over large areas and most importantly even on areas
where no previous research has been conducted due to the vast coverage of satellite imagery. In multi-
temporal interferometry, the precision of the results augments with the increasing number of images
processed. Data from different satellites have been used in order to increase the temporal coverage

analyzed, with each satellite data-set corresponding to a specific period of years.

The resulting maps illustrate mostly ground motion from -8 to 8 mm/year on the LOS, with better
coherence being observed on urban and sub-urban areas, where buildings become scatterers of the
satellite emitted waves. The linear movements from 1993 to 2017 lead to the conclusion of active
tectonics, surely of strike-slip component (of approximately 2-3mm/year motion rate) and very possibly
of normal faults as well. In this case the PRFZ would be consisted of oblique right-lateral faults and
other active surrounding faults, characterized by the literature review as normal. However, from the
motion observed on the LOS, faults in close proximity of the city are only one of the components

resulting to displacement.

Even though in this dissertation a large amount of data was processed for the area, there is still
much room for future research. Troubling is the fact that the ground north of the PRFZ seems to be
accelerating its motion. Superior analysis could be achieved with the study of even more images and
the use of a wider number of data providers.. Obviously, conducting the same research for other areas
would provide further knowledge on the tectonics and the geo-hazards in the studied areas. However,
more experimentation on the various DInSAR techniques and satellite imagery can be operated on
the western Gulf of Corinth. This natural laboratory of active tectonics can be used to evaluate and

compare different algorithms of SAR data analysis.
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Appendices

A ERS data frequencies
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Figure 31: Histograms of ground motion from ERS data analysis. Frequency is marked on the Y axis,

millimeter values on the X axis. The vertical lines indicate important value ranges.



B Envisat data frequencies
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Figure 32: Histograms of ground motion from Envisat data analysis. Frequency is marked on the Y

axis, millimeter values on the X axis. The vertical lines indicate important value ranges.
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C TerraSAR-X data frequencies
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Figure 33: Histogram of ground motion from TerraSAR-X data analysis. Frequency is marked on the

Y axis, millimeter values on the X axis. The vertical lines indicate important value ranges.
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D Sentinel-1 data frequencies
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Figure 34: Histograms of ground motion from Sentinel-1 data analysis.Frequency is marked on the Y

axis, meter values on the X axis. The vertical lines indicate important value ranges.
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